Introduction
============

Unilateral spatial neglect (or neglect) is one of the most frequent disorders following stroke, involving about 25--30% of all patients, an estimated 250,000 patients per year in the US (Pedersen et al., [@B40]; Appelros et al., [@B1]; Buxbaum et al., [@B9]). It occurs for lesions to either hemisphere, but it is more severe and enduring after right hemisphere damage (Stone et al., [@B47]). Although neglect tends to improve spontaneously, it is associated with poor motor recovery, higher disability, and poor response to rehabilitation (Katz et al., [@B31]; Cherney et al., [@B10]; Paolucci et al., [@B39]; Buxbaum et al., [@B9]).

The hallmark of neglect is a difficulty in attending and responding to stimuli on the side of space or the body opposite to the lesion (Heilman et al., [@B26]; Mesulam, [@B36]; Halligan et al., [@B23]). Although it is well accepted that the complex behavioral syndrome of neglect involves a constellation of deficits (Barrett et al., [@B5]), it is not at all clear which deficits are the most relevant clinically in terms of frequency, severity, and change over time in relation to recovery. One component of neglect is a lateralized perceptual impairment modulated by spatial attention (Posner et al., [@B42]; Morrow and Ratcliff, [@B37]; Friedrich et al., [@B19]) and by the position of sensory stimuli in relation to the body (Behrmann and Tipper, [@B8]). Another hypothesized element of neglect is a lateralized deficit of action in which patients are delayed in initiating movements to the contralesional space, termed directional hypokinesia (Heilman et al., [@B25]; Mattingley et al., [@B34]; Husain et al., [@B28]; Sapir et al., [@B45]). It is unclear how common this deficit of action is, or how its evolution relates to that of perceptual impairments. To our knowledge these deficits have not been studied jointly in a large longitudinal group of neglect patients. Here, we test the hypothesis that the two types of deficits may show different recovery trajectories.

Lateralized spatial perceptual deficits were investigated using the *Posner task*, developed by Posner ([@B41]), in which subjects detect visual stimuli at attended or unattended peripheral locations while maintaining central fixation. This task has been used widely in studies of left neglect as it is sensitive to neglect even in mild cases (Morrow and Ratcliff, [@B37]; Friedrich et al., [@B19]; Bartolomeo and Chokron, [@B6]; Rastelli et al., [@B43]). A relative response time (RT) delay or lower accuracy for targets presented in the contralesional, as compared to the ipsilesional, visual field indexes a lateralized deficit in visual perception and attention (typically in the left visual field after right hemisphere stroke). A relative delay in responding to targets at unattended, as compared to attended locations, indexes a deficit of reorienting spatial attention. A third deficit concerns difficulties in responding to unattended targets in the contralesional field, the "disengagement" deficit, reflecting a deficit in disengaging attention from the ipsilesional field. These indices are abnormal in patients with extinction (a milder form of neglect), with studies particularly emphasizing the disengagement effect (Posner et al., [@B42]; Morrow and Ratcliff, [@B37]; Friedrich et al., [@B19]), which correlates with clinical measures of neglect recovery (Morrow and Ratcliff, [@B37]).

Lateralized deficits of action were measured using the *Reach task*, based on a test developed by Mattingley et al. ([@B34]), in which subjects reach toward a stimulus presented in the periphery of the visual field. This task was chosen as it elegantly distinguishes visual--perceptual from directional motor deficits. Perceptual deficits are assessed by a difference in RT between targets presented in the visual field opposite (contralesional) or on the same side of the lesion (ipsilesional). Directional motor deficits are assessed by a difference in RT for reaching in a contralesional direction (leftward movements in the case of right hemisphere damage) or an ipsilesional direction, independent of target position. Directional hypokinesia is assessed by a difference in RT for reaches in a contralesional or ipsilesional direction specifically for contralesional targets: consider a situation in which subjects reach to a left visual field target from a midline position (center start) using a leftward trajectory. For a subject with left neglect, perceptual, and motor neglect are coincident in this condition. Consider, however, a situation in which the starting hand position is to the left of the left target position. When a left target is presented, the position of the stimulus still falls in the contralesional visual field, but now subjects must perform a rightward reach to touch it. In this case, perceptual and motor directions are dissociated.

A final goal was to use anatomical analysis to investigate whether damage to brain regions, commonly lesioned in neglect that partially overlap regions involved in spatial orienting (dorsal attention network) and reorienting (dorsal and ventral attention networks; Corbetta and Shulman, [@B14]; Corbetta et al., [@B13]), produces a differential effect on lateralized orienting and lateralized action. In light of recent findings suggesting a key role for the ventral frontal cortex (VFC) in mediating interactions between the dorsal and ventral attention networks (He et al., [@B24]; Asplund et al., [@B2]), we tested the hypothesis that lesions to VFC produce neglect.

Materials and Methods
=====================

Subjects
--------

Sixty-one patients were enrolled prospectively after providing informed consent in agreement with procedures established by the Washington University Institutional Research Board. Our patients represent a consecutive sample of qualifying patients with a clinical diagnosis of neglect admitted to the Rehabilitation Institute of St. Louis. Thirty patients were tested longitudinally: first at the acute stage \[mean time: 15 ± 6 (1 SD) days after stroke onset\], then at the chronic stage (mean time: 35 ± 5 weeks after stroke onset). Because these subjects were enrolled as part of a larger functional imaging study, they were not tested or scanned prior to 10 days post-stroke, to allow time for autoregulation to normalize. The chronic timepoint was chosen to allow recovery of neglect symptoms to plateau while minimizing attrition from the study. The patients who were unable to return for a chronic visit did not differ significantly from those tested longitudinally in terms of demographics, acute neglect severity, or overall stroke severity. We also tested a group (*N* = 30) of age-matched controls (mean age 62.7 ± 15.1). Demographics for the longitudinal group are shown in Table [1](#T1){ref-type="table"}.

###### 

**Characteristics of longitudinal stroke subjects**.

  ID   Age   Sex   Handed-ness   tPA   Days to acute testing   Weeks to chronic testing   Type of lesion                             Lesion volume   Initial NIHSS
  ---- ----- ----- ------------- ----- ----------------------- -------------------------- ------------------------------------------ --------------- ---------------
  1    68    M     R             NO    17                      37                         Ischemic                                   7264            
  2    63    F     R             NO    13                      32                         Ischemic                                   1417            10
  3    69    M     R             NO    8                       34                         Ischemic                                   5186            15
  4    66    M     R             NO    18                      35                         Ischemic                                   25116           11
  5    56    M     L             NO    8                       36                         Ischemic with hemorrhagic transformation   17320           7
  6    44    M     R             NO    14                      30                         Ischemic                                   6831            17
  7    56    F     R             NO    15                      29                         Ischemic                                   5898            
  8    50    M     R             NO    12                      37                         Ischemic                                   12100           16
  9    42    M     R             NO    14                      44                         Ischemic                                   8013            4
  10   54    M     R             YES   27                      29                         Ischemic                                   9652            
  11   48    F     R             NO    20                      39                         Ischemic                                   14808           17
  12   58    F     R             YES   9                       29                         Ischemic                                   11099           10
  13   51    F     R             NO    26                      29                         Ischemic                                   3178            1
  14   71    M     R             NO    16                      34                         Ischemic                                   18222           9
  15   59    F     R             NO    13                      29                         Ischemic                                   223             20
  16   48    F     L             NO    29                      33                         Ischemic                                   5215            15
  17   88    F     R             NO    25                      37                         Ischemic                                   76              10
  18   84    M     R             NO    17                      33                         Hemorrhagic                                459             18
  19   48    M     L             NO    18                      35                         Ischemic                                   1177            14
  20   73    M     R             NO    10                      31                         Ischemic                                   303             14
  21   58    F     R             NO    13                      43                         Hemorrhagic                                382             3
  22   61    F     R             NO    9                       39                         Ischemic                                   1651            14
  23   36    F     R             NO    10                      32                         Hemorrhagic                                897             0
  24   67    F     R             NO    21                      33                         Ischemic                                   4494            12
  25   61    F     R             NO    10                      29                         Ischemic                                   4040            11
  26   61    M     R             NO    17                      44                         Ischemic                                   2103            7
  27   63    M     R             NO    11                      29                         Ischemic                                   5264            8
  28   52    F     R             NO    14                      45                         Ischemic                                   344             15
  29   81    F     R             NO    15                      34                         Ischemic with hemorrhagic transformation   7618            10
  30   84    M     R             NO    11                      41                         Ischemic                                   8213            

*Age: age at stroke onset; tPA: tissue plasminogen activator administered in Emergency Room at stroke onset; type of lesion: ischemic or hemorrhagic stroke; lesion volume: voxels defined as infarcted area in lesion segmentation; initial NIHSS: score on National Institutes of Health Stroke Scale administered approximately 24--72 h after stroke onset, in which 0 = normal, mild = 1--7, moderate = 8--16, and severe \>16*.

### Inclusion/exclusion criteria for neglect subjects

Inclusion criteria: (1) Age ≥18. (2) Single right hemisphere stroke, ischemic or hemorrhagic. (3) Clinical evidence of neglect (see [Clinical Tasks for the Diagnosis of Neglect](#s1){ref-type="sec"}). (4) Alert and capable participating in research.

Exclusion criteria: (1) Evidence by CT or MRI of other strokes, although up to two lacunes were allowed in the subcortical white matter. (2) Presence of other neurological, psychiatric, or medical conditions that altered the interpretation of the behavioral/imaging studies (e.g., dementia), or life expectancy less than 1 year (e.g., cancer). (3) Abnormal score (\>13) on the Short Blessed Scale (Katzman et al., [@B32]), to rule out patients with dementia. (4) Homonymous hemianopsia.

Of all patients admitted with right hemisphere acute stroke at the hospital during the course of study enrollment, 30% had a diagnosis of left neglect in their clinical chart. Of these patients, 16% were enrolled. Of those not enrolled, 30% were excluded due to evidence of other lesions (prior history of stroke, radiological evidence of old infarcts); 35% due to comorbid medical history (prior brain injury, dementia, life expectancy less than 1 year, etc.); 26% due to homonymous hemianopsia; 8% due to contraindication for MRI (pacemaker, etc.); 1% due to low level of consciousness; and 8% refused. Subjects were excluded for low level of consciousness only if they were completely unable to follow directions to participate in the study tasks; those who were drowsy but arousable were allowed rest breaks as needed.

### Clinical tasks for the diagnosis of neglect {#s1}

Patients were included on the basis of at least one positive test of neglect. All acute patients were tested on at least five of the six tests below. Extinction: A test of double simultaneous stimulation in visual, auditory, and tactile modalities. For visual, the tester wiggles two fingers at 10° eccentricity. For tactile, blindfolded subjects are touched on the dorsal surface of the second finger. For auditory, the experimenter rubs his/her fingers near the subject\'s ear(s). Subjects report detection of the stimulus on left, right, or both sides. The test is not performed in the presence of primary sensory deficits. (Cut off: miss \>1 out 6 contralesional stimuli in any modality).Behavioral inattention test (BIT) star (Wilson et al., [@B50]; Halligan et al., [@B22]). A visuospatial scanning test with an array of stars and letters on a paper. (Cut off \<51 targets of 54 canceled).Mesulam shape cancelation (Mesulam, [@B35]). A more difficult visuospatial scanning test with a cluttered array of symbols. (Cut off \<56 targets of 60 canceled).Catherine Bergego Scale (Azouvi et al., [@B4]). A measure of neglect in activities of daily living. The treating occupational therapist reports difficulties in dressing, eating, and environmental navigation due to neglect. (Cut off score \>1 of 30). This test was applied only at the acute stage as most participants were discharged from therapy by the chronic visit.The baking tray test (Tham and Tegner, [@B48]). A functional measure of neglect. Patients arrange "cookies" on a tray, attempting to distribute evenly from right to left. Number of cookies displaced is counted. (Cut off \<24 of 32 cookies placed correctly).Behavioral inattention test reading (Wilson et al., [@B50]; Halligan et al., [@B22]). A functional measure of neglect. Patients read aloud an article in three columns (left, center, right). (Cut off \>8 of 153 words omitted).

Apparatus and stimuli
---------------------

Subjects were tested in dim, quiet testing rooms. Stimuli were generated by an Apple Power Macintosh computer and projected onto a 17-inch Apple Monitor. Behavioral responses were acquired through a Carnegie Mellon button box interfaced with the computer. The head was stabilized with a chin rest. The experimenter visually screened eye movements and encouraged visual fixation when a breakdown of fixation occurred. In the case of a quadrantanopsia, the stimuli were presented in the visible part of the field on symmetrical opposite positions across the vertical meridian. Five patients had quadrantanopsia.

Procedures
----------

### Posner task (Posner, [@B41])

The display contained two square frames positioned along the horizontal meridian to the left and right of a fixation point (center of frame 3.3° from fixation point). Each trial started with the fixation point changing from red to green. After 800 ms, an arrow cue pointing left or right was presented at fixation for 2360 ms. Following a delay ranging from 1000 to 2200 ms the target (an asterisk) was presented for 300 ms within one of the two frames (left, right). On 75% of the trials, the target was presented at the location indicated by the cue, while on 25% of the trials it was presented at the opposite location. The subject detected the target as quickly as possible with a dominant hand key-press, and RT and accuracy were measured. Each trial was separated by an inter-trial interval (ITI) of 2360 ms. Each block contained 40 trials, and two blocks were run in each subject. There were no catch trials.

### Reach task (Mattingley et al., [@B34])

The display contained a fixation point. Each trial started with the subject pressing a key with the dominant index finger. After a random interval (1500--3000 ms), the target (an asterisk) was presented for 2000 ms at a left or right location along the horizontal meridian (10° from fixation point). We used long target durations to minimize problems with working memory (i.e., pointing to remembered target locations). The subject released the key as fast as possible and touched the target location on the screen. After returning the finger to the keypad, the next trial began following a fixed interval of 500 ms. Three conditions were run to dissociate the position of the target and the direction of reach: (a) central starting position (button box positioned at midline); (b) left starting position (button box positioned about 20° to the left of fixation, a relative left position of about 10° with respect to the left target location); (c) right starting position. Each block contained 30 trials (15 left, 15 right). One block for each starting position was run in each subject.

Anatomy
-------

### Lesion segmentation in stroke patients

Structural scans including a T1-weighted (T1W) sagittal magnetization-prepared rapid gradient echo (MPRAGE; TR = 1900 ms, TI = 1100 ms, TE = 3.9 ms, flip angle 15°, 1 mm × 1 mm × 1.25 mm voxels) and a T2-weighted (T2W) fast spin echo scan (TR = 4380 ms, TE = 94 ms, 1 mm × 1 mm × 3 mm) were obtained at the chronic stage. T1-weighted and T2-weighted structural magnetic resonance images were segmented into regions corresponding to gray matter, white matter, cerebrospinal fluid, and infarct based on a bispectral fuzzy class means semi-automated procedure after gain-field correction as previously described (Sheline et al., [@B46]). The total number of infarcted voxels in each slice was calculated using Analyze AVW (The Biomedical Imaging Resource at the Mayo Foundation) and binary maps representing lesioned space were produced and transformed into atlas space.

### Division into anatomical subgroups

Stroke patients were subdivided into different anatomical subgroups using a clustering algorithm based on the percentage of overlap between each lesion and a predefined set of anatomical templates \[temporo-parietal junction (TPJ), VFC, frontal eye field (FEF), intraparietal sulcus (IPS)\] derived from a meta-analysis of functional magnetic resonance imaging (fMRI) studies of attention in normal subjects (He et al., [@B24]). There were four target cortical templates (IPS, FEF, VFC, TPJ that includes separate regions in supramarginal and superior temporal gyri), all in the right hemisphere, which corresponded to the core regions of the dorsal and ventral fronto-parietal attention networks (Corbetta and Shulman, [@B14]). The templates were created by a fixed effect analysis in which significant statistical images (i.e., multiple corrected over the whole brain) from multiple experiments were summed and divided by the square root of the number of experiments. The dorsal templates (IPS, FEF) corresponded to regions found to be active across multiple experiments when subjects covertly directed spatial attention to a peripheral visual location after a centrally located cue. The ventral templates (VFC, TPJ) corresponded to regions that are more active when subjects detect targets at unattended as compared to attended locations as in the Posner task (Corbetta et al., [@B11]; Astafiev et al., [@B3]; Kincade et al., [@B33]).

Results
=======

Anatomical analysis
-------------------

Figure [1](#F1){ref-type="fig"} shows the lesion anatomy of the 30 subjects with spatial neglect according to the inclusion criteria who returned at the chronic stage, at which point anatomical images were obtained. The most consistent lesion (\~65% of sample or about 20 out 30 subjects) includes the corona radiata just lateral to the ventricle in the frontal white matter. Other regions with \>20% damage (6--8 out 30 subjects) include the inferior and middle frontal gyrus, superior temporal gyrus (STG), inferior parietal lobule, insula, putamen, caudate, and frontal--temporal--parietal white matter.

![**Lesion anatomy**. Horizontal slices of anatomical MRI standardized in Talairach atlas showing the lesion distribution for the longitudinal 30 patients. The color scale represents the number of patients with damage in a specific voxel.](fnhum-05-00029-g001){#F1}

Neuropsychological tests
------------------------

Figure [2](#F2){ref-type="fig"} shows the results for the neuropsychological tests used for inclusion. Control subjects scored at or near ceiling on all tests, with fewer than 0.1% misses on average for each test. Mean number of misses was above cut off for diagnosis with neglect for each of the tasks at the acute stage. Performance on all tasks improved from acute to chronic, but most tests still remained abnormal at the chronic stage.

![**Performance on clinical neglect tests**. Percent of targets missed and SEM is displayed for each test. DSS: left side stimuli missed in double simultaneous stimulation. BIT star cancelation: missed targets; Mesulam symbol cancelation: missed targets; CBS therapist rating: severity of neglect in ADL as scored by therapist; baking tray test: incorrectly placed "cookies"; BIT reading test: Words omitted.](fnhum-05-00029-g002){#F2}

Whole group analysis
--------------------

### Posner task

The Posner task measures the ability to attend to and detect peripheral visual targets and reorient toward unexpected targets. We first examined the sensitivity of the Posner task in detecting deficits at acute and chronic stages separately, as compared to a group of healthy age-matched controls. An ANOVA was conducted with Group (e.g., Acute, Controls), Visual Field (Left, Right), and Validity (Invalid Targets, Valid Targets) as factors. Because patients missed many trials, including several patients who missed all trials in the left invalid condition (Figure [3](#F3){ref-type="fig"}A), the longest possible RT (2000 ms) was substituted for missed trials in order to create a unified index that took into account both accuracy and speed (Figure [3](#F3){ref-type="fig"}B).

![**(A)** Results of Posner task, accuracy. **(B)** Results of Posner task, reaction time (substituting 2 s for miss trials).](fnhum-05-00029-g003){#F3}

A lateralized bias in visual perception, as indicated by the interaction of Visual Field (Left, Right) × Group (Neglect, Controls), was strongly present at both the acute and chronic stages (Acute, *F*~1,54~ = 75.476, *p* \< 0.001; Chronic, *F*~1,54~ = 16.048, *p* \< 0.001). Patients were also impaired as compared to controls in responding to unattended targets (Validity × Group: Acute vs. Control, *F*~1,54~ = 20.457, *p* \< 0.001; Chronic vs. Control, *F*~1,54~ = 10.197, *p* = 0.002). The disengagement effect, reflecting poorer performance for unattended targets in the left visual field, was significantly larger in acute patients than controls (Visual Field × Validity × Group: *F*~1,54~ = 9.628, *p* = 0.003) but not in chronic patients (*F*~1,54~ = 2.809, *p* = 0.099). While acute patients showed a significantly larger disengagement effect than controls, however, they also showed a significantly larger deficit in responding to unattended targets in the right, ipsilesional field (Group × Validity, Acute vs. Control: *F*~1,56~ = 8.50, *p* = 0.005). This latter result indicates that patients showed a reorienting deficit that extended throughout the visual field.

We next examined whether deficits in detection, reorienting, and disengagement improved over time, via an ANOVA with Stage (Acute, Chronic), Visual Field (Left, Right), and Validity (Valid Targets, Invalid Targets) as factors. Patients performed worse in the left than right visual fields (Visual Field, *F*~1,25~ = 72.759, *p* \< 0.001) and in the unattended vs. attended fields (Validity, *F*~1,25~ = 17.414, *p* \< 0.001). A lateralized reorienting bias, or disengagement effect, as measured by the interaction of VF × Validity, was also present (*F*~1,25~ = 5.771, *p* = 0.024). All three deficits significantly improved over time (Stage × VF, *F*~1,25~ = 28.051, *p* \< 0.001; Stage × Validity, *F*~1,25~ = 8.488, *p* = 0.007; Stage × VF × Validity, *F*~1,25~ = 8.244, *p* = 0.008).

Overall, this sample of neglect patients showed severe deficits in detection and reorienting that were particularly marked in the contralesional visual field. These impairments significantly improved over time although most were still present at the chronic stage post-injury.

### Reach task

The Reach task dissociates lateralized visual detection from lateralized action. As no patient missed every trial for a given condition, RT and accuracy were computed separately (Figure [4](#F4){ref-type="fig"}).

![**Results of Reach task**. **(A)** Reaction time, **(B)** Accuracy.](fnhum-05-00029-g004){#F4}

When neglect patients were compared to healthy controls at each stage separately, the lateralized bias in perception, as indexed by the interaction of Visual Field (Left, Right) × Group (Neglect, Controls), was strongly significant at both the acute and chronic stages (RT: Acute, *F*~1,56~ = 13.958, *p* = 0.001; Chronic, *F*~1,56~ = 4.228, *p* = 0.041; % Misses: Acute, *F*~1,56~ = 15.627, *p* \< 0.001; Chronic *F*~1,56~ = 6.516, *p* = 0.011). In contrast, no difference in movement direction was detected between neglect and controls \[Movement (Left move, Right move) × Group (Neglect, Controls): (RT: Acute, *F*~1,56~ = 0.094, n.s.; Chronic, *F*~1,56~ = 0.160, n.s.\], nor was there any evidence of directional hypokinesia as there was no significant interaction of Group × Movement × VF (RT: Acute, *F*~1,56~ = 0.191, n.s.; Chronic, *F*~1,56~ = 0.189, n.s.).

We next compared acute and chronic patients in order to assess recovery from neglect. The patients' perceptual deficit in the left visual field (RT: Left vs. Right VF: 738 vs. 607 ms, Visual Field, *F*~1,27~ = 53.643, *p* \< 0.001; % Misses: Left vs. Right: 7.3 vs. 0.5%. VF, *F*~1,27~ = 13.962, *p* = 0.001) significantly improved over time (Stage × VF: RT, *F*~1,27~ = 6.519, *p* = 0.017; % Misses: *F*~1,27~ = 4.827, *p* = 0.037). In contrast, there was only a mild deficit for reaching to the left (Left vs. Right move: 678 vs. 668 ms, Movement, *F*~1,27~ = 0.045, *p* = n.s.; % Misses: Left vs. Right move *F*~1,27~ = .045, *p* = n.s.), which did not change from acute to chronic stages (Stage × Movement: RT, *F*~1,27~ = 0.289, *p* = n.s.; % misses, *F*~1,27~ = 3.190, *p* = n.s.; Figure [4](#F4){ref-type="fig"}). There was also no evidence of directional hypokinesia, given the lack of any significant interaction of Movement × VF.

### Relationship between acute performance and chronic recovery

In general, acute performance on the Posner task better predicted recovery on the battery of clinical neglect tests than did performance on the Reach task. Chronic subjects were classified as "recovered" if they showed neglect on at most one of the administered clinical tests (according to published norms) and as "did not recover" if they showed neglect on two or more tests (26/30 of the acute patients had shown deficits on at least 4/5 or 4/6 of the administered tests).

While the acute movement direction effect on the Reach task was higher in the "not recovered" group (108 vs. 19 ms), this difference was not significant (*F*~1,25~ = 2.822, n.s.). Directional hypokinesia was absent in both groups at acute and chronic stages, and no directional motor effects were present in either group at the chronic stage (Figure [6](#F6){ref-type="fig"}).

For the Posner task, the visual field effect was significantly higher at the acute stage for subjects who "did not recover" (635 vs. 306 ms, *F*~1,21~ = 8.462, *p* = 0.008) but not the disengagement or validity effects, or the average RT in the ipsilesional field. However, as shown in the scatter plot of scores for each patient at the acute stage, even the visual field effect scores did not allow a good prediction of whether an individual would recover by the chronic stage.

As seen in Figure [5](#F5){ref-type="fig"}D, there was little correlation between improvement from acute to chronic testing in the Posner and Reach tasks.

![**(A,B)** Performance on Posner and Reach tasks for patients who showed good vs. poor recovery on clinical neglect tests at the chronic stage; **(C)** Scatter plot of individual subjects' effects on Posner task at the acute stage for patients who showed good vs. poor recovery on clinical neglect tests; **(D)** Correlation between recovery on Posner and Reach tasks.](fnhum-05-00029-g005){#F5}

![**Subcortical group**. Horizontal slices of anatomical MRI standardized in Talairach atlas showing the lesion distribution for the 13 patients in the subcortical group. The color scale represents the number of patients with damage in a specific voxel.](fnhum-05-00029-g006){#F6}

In summary, this analysis confirms that a strong perceptual bias was present at the acute stage but lessened over time; in contrast, directional motor deficits were neither prominent nor significantly changed over time.

Anatomical subgroup analysis
----------------------------

Using the predefined templates, patients were found to belong to one of three main subgroups: subcortical (*N* = 13), VFC/Insular (referred to as VFC henceforth; *N* = 9), and TPJ (*N* = 4), or two minor subgroups: FEF (*N* = 2), Occipital (*N* = 2). The latter two groups were excluded from further analysis, as was one VFC patient who did not complete the computerized testing. No IPS patient was identified. Both the subcortical and the occipital subgroups had less than 10% overlap with any of the four templates, but these two groups were easily separated based on their lesion location.

In the subcortical group the average lesion involved predominantly the right putamen (\~50--60% overlap), and the frontal and sub-insular white matter (\~30% overlap; Figure [5](#F5){ref-type="fig"}). In the VFC group the most common site of injury involved the inferior frontal gyrus, frontal operculum, insula, and corona radiata (\>90% overlap; Figure [7](#F7){ref-type="fig"}A). Other regions of damage included the precentral gyrus, parietal operculum, and postcentral cortex (\~40--70% overlap), and the anterior supramarginal gyrus and internal capsule (\~30% overlap). Finally in the TPJ group, the core damage involved the middle and posterior portion of the STG (\>90% overlap; Figure [7](#F7){ref-type="fig"}B). Other regions included the supramarginal and angular gyri and underlying white matter, parietal operculum, and insula (\~70--90% overlap); and the precentral, central, and postcentral gyri (\~30% overlap). The lesion volume was significantly different across groups (*F*~2,22~ = 13.68, *p* ≤ 0.001), with larger average lesion volumes in the TPJ and VFC than subcortical groups (*p* ≤ 0.001). The lesion volumes in the TPJ and VFC groups were not significantly different.

![**Ventral frontal cortex and TPJ groups**. Inflated brain atlas (Caret, PALS) showing regions of maximal cortical damage in the VFC and TPJ subgroups. **(A)** VFC Group. Blue focus shows the region of overlap found for the dorsal and attention networks by He et al. ([@B24]). **(B)** TPJ group.](fnhum-05-00029-g007){#F7}

Performance of the three subgroups on the various clinical tests varied considerably by test, as shown in Figure [8](#F8){ref-type="fig"}, possibly due to very low Ns. Two TPJ subjects had missing data for one or more of the clinical tests; data are only reported for tests with complete information from each group.

![**Performance on selected clinical neglect tests by anatomical subgroup**. **(A)** Acute performance. **(B)** Chronic performance. Percent of targets missed and SEM is displayed for each test. Mesulam symbol cancelation: missed targets; baking tray test: incorrectly placed "cookies"; BIT reading test: Words omitted.](fnhum-05-00029-g008){#F8}

### Posner task

On the Posner task, the VFC group performed significantly worse than the other groups (Figure [9](#F9){ref-type="fig"}). The VFC group was slower overall (Group: *F*~2,16~ = 6.08, *p* = 0.010; VFC vs. subcortical, *p* = 0.010; VFC vs. TPJ, *p* = 0.009) and was more impaired inreorienting to unattended locations (Validity × Group (*F*~2,16~ = 3.97, *p* = 0.04); *post hoc*: VFC vs. subcortical, *p* = 0.003; VFC vs. TPJ, *p* = 0.032). No significant group differences were found for Visual Field or disengagement (VF × Validity × Group) effects. The enhanced detection and reorienting deficits in the VFC group recovered over time (Stage × Group: *F*~2,16~ = 7.53, *p* = 0.008; Stage × Validity × Group: *F*~2,16~ = 11.04, *p* = 0.001; *post hoc*: VFC vs. subcortical, *p* = 0.001; VFC vs. TPJ *p* = 0.009) and were not observed at the chronic stage.

![**Subgroup analysis of Posner task, reaction time (substituting 2 s for miss trials)**.](fnhum-05-00029-g009){#F9}

When compared to healthy age-matched control subjects, each lesion group showed significant deficits at the acute stage of detection and reorienting, especially in the left visual field (Subcortical vs. Controls: VF × Group *p* \< 0.001; Validity × Group, *p* = 0.001; VF × Validity × Group, *p* = 0.001; VFC vs. Controls: VF × Group, *p* \< 0.001; Validity × Group, *p* \< 0.001; VF × Validity × Group, *p* \< 0.001; TPJ vs. Controls: VF × Group, *p* \< 0.001; Validity × Group, *p* = 0.002; VF × Validity × Group, *p* = 0.010). At the chronic stage deficits in contralateral detection and reorienting were still significant in each group (Subcortical vs. Controls: VF × Group, *p* = \< 0.001; Validity × Group, *p* \< 0.001; VFC vs. Controls: VF × Group, *p* \< 0.001, Validity × Group, *p* = 0.005; TPJ vs. Controls: VF × Group, *p* \< 0.001, Validity × Group, *p* = 0.001), but a disengagement deficit was not present (no significant differences by Group for VF × Validity). Therefore, patients with VFC damage were especially impaired in detection and reorienting as compared to patients with subcortical and TPJ damage, but detection, reorienting, and disengagement deficits were present in all lesion groups as compared to controls.

### Reach task

In the Reach task, there were no differences among lesion groups (VFC, Subcortical, TPJ) in terms of either RT or misses (Figure [10](#F10){ref-type="fig"}). Significant motor deficits for initiating contralateral movements were present, as compared to controls, in the TPJ and subcortical groups at the acute stage (Acute RTs: TPJ vs. Control, Direction × Group: *F*~2,20~ = 5.37, *p* = 0.027; Subcortical vs. Control, Direction × Group: *F*~2,20~ = 7.33, *p* = 0.01). In the acute TPJ group only, a motor deficit for initiating contralateral movements was also significantly present (Movement × VF × Group: *F*~2,20~ = 6.77, *p* = 0.014). Neither the Subcortical nor the VFC group showed significant directional deficits as compared to controls.

![**Subgroup analysis of Reach task, reaction times**.](fnhum-05-00029-g010){#F10}

Discussion
==========

Relative importance of different spatial deficits and their recovery
--------------------------------------------------------------------

This study examined the relative strength of different lateralized processing deficits in spatial neglect and their recovery over time. We found that lateralized perceptual and directional motor impairments were dissociated and followed a different pattern of recovery.

Impairments in lateralized perception were strongly present in our acute spatial neglect group, while directional motor impairments were largely absent. Importantly for the clinician, these lateralized perceptual deficits appeared especially amenable to recovery. One caveat is that the enrollment criteria may have biased the results by favoring the selection of patients with perceptual/attention impairments over motor deficits, although, this is unlikely since patients were enrolled based the presence of neglect along a number of dimensions (visual, auditory, tactile, motor, personal, non-personal). For example, in our total sample about 95% were classified as having neglect based on ADL. Another possibility is that the Reach task was less sensitive than the original Mattingley et al. ([@B34]) task, as our task required diagonal rather than purely ipsi- or contralesional horizontal movements. Therefore, it is possible that the relative deficits identified by the two tests were attributable to specific characteristics of the tests rather than underlying deficits.

Although only a handful of studies have longitudinally measured processing deficits in neglect, their results are consistent with the conclusion that measurements of lateralized perceptual deficits in neglect patients are diagnostic and robust. Morrow and Ratcliff ([@B37]) showed that the disengagement deficit in the Posner task (Posner et al., [@B42]) correlated with severity of neglect, as measured by pencil-and-paper cancelation tasks, at 6--8 weeks, and longitudinally in four patients that were followed at a more chronic stage (4--6 months; but see for a negative correlation Sacher et al., [@B44]). More recently Farne et al. ([@B17]) studied a group of 33 right brain damaged patients, of whom 23 had spatial neglect, longitudinally from within 2 months after injury. They used a large battery of pencil-and-paper and computerized tasks designed to test spatial attention and vigilance as well as other neglect-related deficits. Their findings are consistent with ours, showing left side perceptual/attention deficits, some recovery over time, but persistence at the chronic stage. As our patients were tested at a later time point than those in Farne et al. ([@B17]; 35 ± 5 weeks), these spatial deficits may persist permanently.

The strong recovery of perceptual/attention deficits has been associated in two recent neuroimaging studies to the restoration of task-driven and spontaneous activity in dorsal parietal and frontal areas that are active for shifts of spatial attention, visual selection, and eye movements but are typically not damaged by lesions causing neglect (Corbetta et al., [@B12]; He et al., [@B24]). At the acute stage, task-evoked responses in right hemisphere dorsal fronto-parietal regions are considerably reduced while some regions in the left hemisphere show an enhanced response. Over the course of recovery, a more normal balance of responses in two hemispheres is restored (Corbetta et al., [@B12]). Similarly, at the acute stage, functional connectivity, i.e., temporal correlation of spontaneous activity, between dorsal fronto-parietal regions in left and right hemispheres is reduced and the reduction correlates with the severity of the lateralized deficits observed in the Posner task (He et al., [@B24]), but the connectivity recovers over time. Functional recovery can also occur in ventral temporo-parietal and frontal regions, and is associated with improvement of attentional functions like reorienting (Corbetta et al., [@B12]). Restoration of cortical metabolism in ventral anterior and posterior cortex has been also reported after subcortical and basal ganglia damage (Hillis et al., [@B27]; Karnath et al., [@B30]).

A final notable finding was that in our neglect group, directional motor problems were mild and did not change significantly over the course of recovery. One study has reported that directional hypokinesia is most associated with lesions to the putamen and surrounding white matter (Sapir et al., [@B45]). The poor recovery of directional hypokinesia in neglect patients may reflect the fact that these regions are often structurally damaged by lesions that cause neglect, unlike the dorsal fronto-parietal regions thought to underlie lateralized perceptual deficits.

Frontal cortex as a site of convergence for spatial and non-spatial deficits
----------------------------------------------------------------------------

Patients with lesions involving VFC showed the strongest detection and reorienting deficits, as compared to TPJ and subcortical groups, even though the average lesion volume in the VFC group was not larger than the other groups (actually smaller than TPJ). VFC lesions involved damage in multiple cortical regions including inferior frontal gyrus, anterior insula, and the white matter underlying ventral and middle frontal cortex. In some patients the lesion extended dorsally in the precentral gyrus and posteriorly in the parietal operculum and postcentral cortex.

Previous studies had proposed a critical association between the disengagement deficit, i.e., reorienting specifically to the contralesional field, and damage of the STG, part of TPJ (Friedrich et al., [@B19]; Ellison et al., [@B16]; Karnath et al., [@B29]; Corbetta et al., [@B12]; Gharabaghi et al., [@B20]). We found that VFC lesions had a more pronounced overall effect than TPJ lesions on reorienting attention, although the disengagement effect did not significantly differ between groups. This result is consistent with findings that other sites may be equally or more likely than STG to produce neglect, including inferior parietal cortex (IPL; Mort et al., [@B38]; Golay et al., [@B21]). Farne et al. ([@B17]) examined the relationship between anatomy and neglect recovery, and found no critical relationship between STG and neglect at either the acute or chronic stages, or with recovery of neglect, while other parietal and frontal areas were critical for neglect in their sample.

While it is clear that no one site is exclusively responsible for the heterogeneous neglect syndrome, an interesting emerging notion is that VFC is a site of convergence of spatial and non-spatial functions, both of which are damaged in neglect patients. From this perspective, it was interesting that the VFC group showed pronounced detection and reorienting deficits in both the contralesional and ipsilesional fields. VFC may participate in functional communication between frontal and parietal cortices, with neglect arising as a result of a disconnection in this communication (Bartolomeo et al., [@B7]). Recent functional connectivity studies of the dorsal and ventral attention networks show that these two networks represent two separate and largely independent functional systems that fluctuate in the awake resting state (Fox et al., [@B18]). The only region in the brain with shared synchrony between the two systems is the right prefrontal cortex that includes inferior and middle frontal gyri (He et al., [@B24]). This observation suggests that the two attention networks may interact through the right prefrontal cortex, an idea consistent with recent findings that the lateral prefrontal cortex is an important site of convergence for stimulus-driven and goal-directed attention (Asplund et al., [@B2]). Interestingly, the VFC lesions in the current study included the right prefrontal region in question (see Figure [6](#F6){ref-type="fig"}). Therefore, damage to white matter connections between frontal and parietal cortex may cause large imbalances in posterior parietal cortex due to impaired functional connectivity between dorsal and ventral fronto-parietal networks (Thiebaut de Schotten et al., [@B49]), hence explaining the severe spatial deficits in the VFC group. This hypothesis was supported in a study of BOLD functional connectivity in neglect patients, which reported that the degree of impaired synchrony between TPJ and prefrontal cortex was strongly correlated with the degree of impaired synchrony in dorsal parietal cortex (He et al., [@B24]). Furthermore, patients with severe neglect and more impaired interregional synchrony had lesions in the white matter corresponding to the arcuate and superior longitudinal fasciculus, which respectively connect TPJ to dorsolateral prefrontal cortex, and the latter with dorsal parietal cortex (He et al., [@B24]). Overall, then neglect can be thought of a syndrome in which damage to ventral frontal and temporo-parietal cortex causes not only behavioral deficits related to the structural damage proper, but also "functional" deficits related to the disconnection of more dorsal attention areas specialized in directing covert and overt (eye movements) attention to spatial locations (Corbetta and Shulman, [@B15]).

It should be noted because the current study did not include a control group of right hemisphere-lesioned patients without neglect, any findings regarding lesion overlap may be attributable to the susceptibility of that region to stroke due to vascular distributions. Future studies that included this control group would be useful for clarifying the role of the VFC in producing neglect.

Spatial neglect is a heterogeneous behavioral syndrome. The present results indicate the overwhelming clinical importance of lateralized spatial deficits of attention (orienting, reorienting) and perception, as compared to disturbances of action. Perceptual-attention deficits are not only the most severe, but also show the most variability in the course of recovery. Therefore, they should be prime candidates for rehabilitation interventions. Spatial neglect after VFC damage is especially severe and likely reflects impaired fronto-parietal communication.
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